Craig and Boudin, 2001). spectrometry of purified web components reveals maWhen viewed by electron microscopy, under optimal jor proteins involved in the exocytosis of synaptic vesipreparation conditions, differences between the precles and in membrane retrieval. Our data support the and postsynaptic densities are apparent. While the postidea that the CNS synaptic junction is organized by synaptic membrane exhibits a relatively continuous transmembrane adhesion molecules interlinked in the thickening below its membrane (the PSD, Peters et al., synaptic cleft, connected via their intracytoplasmic 1991), on the presynaptic side a prominent intermittent domains to the presynaptic web on one side and to the "gridwork" or "web" has been noted (Bloom and Aghapostsynaptic density on the other. The CNS synaptic janian, 1968). This web was described as consisting of junction may therefore be conceptualized as a complielectron dense particles ‫05ف(‬ nm in diameter) arranged cated macromolecular scaffold that isostatically bridin a regular network just beneath the plasma membrane ges two closely aligned plasma membranes.
Figure 1. The pH of TX-100 Solubilization of Synaptosomes Affects the Preservation of Synaptic Junctions in the Detergent-Insoluble Pellet
Intact synaptosomes, showing vesicular and mitochondrial components and intact filamentous crossbridges (A) were treated with 1% TX-100, at pH 8 (B, D, and E) or pH 6 (C, F, and G), and the insoluble phase was pelleted, fixed, and processed for thin-section electron microscopy. PSDs were obtained when membranes were solubilized with 1.0% TX-100 buffered to pH 8 (B, D, and E) while paired electron dense profiles were observed when membranes were solubilized with 1% TX-100 at pH 6 (C, F, and G). High magnification images of single detergentextracted synapses are shown in panels (D)-(G). The synaptic material found in PSD preparations was elongated and retained the dimensions of PSDs observed in intact tissue, but the fine substructure was noticeably absent and appeared collapsed (D and E). In contrast, synaptic junctions observed in pH 6, TX-100 extracts were characterized by the presence of both pre-and postsynaptic densities that retained a file filamentous network of "loops" (F and G). In between the two densities, filamentous material appeared to connect the pre-and postsynaptic densities (arrowheads in [ Figure 3H , arrowheads). We therefore conclude that the particles pH (pH 7) revealed filaments in the synaptic cleft that connected the presynaptic particles with the PSD (Fig- are prominent, bona fide features of the presynaptic compartment where they underlie presynaptic memure 3H, arrowheads).
F]). Perforations (G) or disks were visible when synapses were viewed en face. Bar ϭ 500 nm in (A)-(C) and 100 nm in (D)-(G). the synaptic junction by extraction at an intermediate treated, disrupted junctions (compare with
Treatment of cortical tissue with ethanolic phosphobranes, appositional to the PSD. Both specializations are likely to be connected to the cytoplasmic domains tungstic acid (EPTA) revealed regularly spaced presynaptic particles as well as an intracleft dense line (see of integral membrane proteins whose extracellular segments are bound to each other in the cleft. Together, Figure 3I , and Pfenninger et al., 1972). Isolated junctions (TX-100, pH 6) treated with EPTA revealed that the PSD this assemblage may be considered a cell-cell adhesive scaffold upon which is superimposed the functional eleis in register with an array of presynaptic particles (Figures We showed above that treatment with TX-100 at pH 6 preserves the linkage of the presynaptic membrane presynaptic particles with the PSD (Figure 3L , arrowhead) remarkably similar to those observed in osmiumspecialization, including that of the presynaptic particles The insoluble pellet derived from extraction of synaptosomes with 1% TX-100 at pH 6.0 was fixed with paraformaldehyde and processed for thin-section electron microscopy without osmication. Antibodies to N-cadherin labeled the cleft of isolated junctions when the junctions were viewed from the side (arrowheads). N-cadherin antibody also labeled synapses sectioned en face (arrow). Bar ϭ 500 nm.
to the PSD, while treatment with the same detergent at SNAP-25, or Munc-18 (data not shown). In contrast to the differential TX-100 solubility of syntaxin, SNAP-25, pH 8 disrupts the pre-to postsynaptic scaffold, solubilizing the presynaptic specialization and the particle web and Munc-18 with respect to pH, the presynaptic cytomatrix components rim and bassoon were primarily inembedded in it, leaving only the PSD in the detergentinsoluble pellet. Therefore, we might expect that molecules soluble at all pH values, although small amounts of both proteins were solubilized at pH 8-9 (Figure 4 , lanes 5-8). involved in synaptic vesicle dynamics at the presynaptic membrane, if connected to the synaptic scaffold, would
These results indicate that these proteins either remain associated with PSDs via interactions with other molebe retained in the detergent-insoluble pH 6 synaptic junctional pellet, but might be soluble at pH 8. Most postsyncules and under conditions in which there is no visible presynaptic element, or, they become detached from aptic proteins comprising the PSD would be predicted to be insoluble between pH 6-8 in TX-100. We might PSDs by detergent extraction, but are insoluble under the extraction conditions and are therefore pelleted (see also expect that molecules loosely connected to the synaptic junctional scaffold might be solubilized in TXDiscussion). In contrast, the synaptic vesicle protein synaptophysin was completely solubilized even at pH 6, 100 at pH 6. To evaluate these possibilities, we examined by immunoblot the soluble and insoluble fractions from indicating that the synaptic vesicle membrane is more labile than the presynaptic membrane specialization intact, partially disrupted and completely disrupted syn . The EM data revealed that presynaptic web compo-1), revealing synaptic and nonsynaptic pools of these molecules. Consistent with this, repeated extraction of nents are isolated together with PSDs by detergent solubilization at pH 6, and are separated from PSDs by isolated synaptic junctions with TX-100 (pH 6) did not solubilize the junction-associated pools of syntaxin, detergent at pH 8. We reasoned, therefore, that a frac-tion highly enriched in presynaptic components should membranes (reviewed in Hilfiker et al., 1999), were also be obtained in a final supernatant by sequential deterpresent in the pellet fraction. gent extraction of synaptosomes, first at pH 6, and then Four other proteins found in these fractions, ATP at pH 8 ( Figure 5A ). The removal of nonsynaptic proteins synthase, hexokinase I (brain form), fumarate hydraand the enrichment of synaptic proteins by sequential tase, and a putative motor protein (accession number extraction from pH 6-8 was assessed by SDS-PAGE and NM_006839), may be derived from mitochondria which silver staining ( Figure 5B ). Synaptosomal membranes are found in both pre-and postsynaptic compartments ( Figure 5B , lane 1) were treated with 1% TX-100 at pH (see Figure 1A) , although the possibility exists that they 6 to yield an insoluble intact synaptic junctional pellet are exported to synaptic sites (Soltys and Gupta, 1999). fraction ( Figure 5B, lane 2) 
2000). This novel septin family member displayed almost
We were curious whether these reconstituted presyncomplete identity to human KIAA0128 and mouse septin aptic particles might be capable of reattaching to PSDs 6 (accession numbers D50918 and AB023622, respecin vitro. We disrupted pH 6-isolated junctions by solubilitively) across the length of the EST sequence, but difzation at pH 8 and then reconstituted the presynaptic fered in sequence with known septins within the peptide particles by dialysis (pH 6). We found that the 50 nm region identified by mass spectrometry (not shown).
particles were able to reattach to the PSD ( Figure 6C ). Tentatively, we have termed this protein septin 6A.
This association appeared to be specific because the In contrast to the prominent representation of proteins particles were always found to be asymmetrically arimplicated in synaptic vesicle function in the supernarayed along one side of the PSD. In contrast to the tant fraction, the pellet fraction contained many cyspecific reassociation of presynaptic particles with the toskeletal or structural proteins, most of which have PSDs, when disrupted junctions were dialyzed against been shown previously to be abundant within the PSD pH 6 buffer, no attachment of any material was observed (Kennedy, 1998 en face ( Figure 6E , left and middle panels, respectively) or in the reconstituted particle fraction ( Figure 6E , right panels), the particles were ‫05ف‬ nm in size (brackets in Figure 6E ). We next investigated which of the proteins originally found in the presynaptic extract (see Figure 4 , lane 4) are reconstituted as particles upon dialysis. Supernatants and pellets obtained from the reconstitution reaction in the absence of PSDs were electrophoresed and proteins were detected by silver staining (Figure 7A ) or by immunoblotting ( Figure 7C) . Most of the proteins originally found in the pH 8 supernatant (compare with Figure 5B ) were found in the insoluble pellet upon dialysis at pH 6 ( Figure 7A , lane 2) and were largely depleted from the supernatant, except for a single protein band that was still prominently represented in the supernatant after dialysis ( Figure 7A, lane 1, asterisk) . Mass spectrometry revealed this to be hsc70 ( Figure 7A , lane 1, asterisk, see also Figure 5 ). Most of the proteins found originally in the presynaptic extract were found to reconstitute into the 50 nm particles, but not, however, septin 6a, which appeared to have been degraded in processing. Of the presynaptic cytomatrix components, immunoreactivity for both rim and bassoon was observed exclusively in the reconstituted pellet, although degradation of these two large protease-sensitive proteins was also noted ( Figure 7C ).
To evaluate whether any of the adhesion molecule groups known to be present at the synapse (Fannon and Colman, 1996; Song et al., 1999; Rao et al., 2000) might be involved in the attachment of the presynaptic particles to the PSD, we looked by immunoblot for the presence of adhesion-related molecules in the presynaptic particle fraction ( Figure 7C ). We found that N-cadherin, ␤-catenin, and a ␥-protocadherin, as well as CASK (proposed to mediate the cytoskeletal interactions of the neurexins and neuroligins) were all present in the particle fraction ( Figure 7C, pellet) . Multiple adhesive mechanisms probably play roles in the attachment of the particles to the PSD. This conclusion is supported is probably not a component of the presynaptic web structure had been observed, consisting of ‫08-05ف‬ nm particles arrayed below the presynaptic membrane and (see Discussion). The components that we identified in the present study as components of the presynaptic connected by fine fibrils spaced ‫001ف‬ nm apart. We now show that these components can be isolated and particle web are listed in Table 1 . From these studies, it is clear that the presynaptic web forms a subset of reconstituted, and appear to be an important part of the cell-cell synaptic junctional scaffold. In our preparations interrelated proteins embedded in the presynaptic membrane specialization and it is composed of synaptic vesiderived from tissue fractionation, the particles, the spaces between particles, and the fibrillar network excle exocytosis and recycling proteins. 
(D). In the pellet obtained from the pH 6 dialyzate, numerous PSDs were found to have 50 nm particles attached by visible filaments to only one side of the PSD (arrowheads, C). In contrast, the pellet from the pH 8 dialyzate contained mostly PSDs with no additional attachments (D). (E) Presynaptic particles in tissues viewed either from the side (left) or en face (middle) exhibit the same dimensions as reconstituted particles (right). Brackets in (E) denote a distance of 50 m. Bar ϭ 500 nm in (A) and (B) and 350 nm in (C) and (D).
of a very similar structure within motor terminals at the that presynaptic particles can assemble and disassemble under defined conditions. These data have important frog neuromusclar junction (Harlow et al., 2001) . We conclude that the particle web at the presynaptic memimplications for interpretation of work from other laboratories that argues for a remarkable propensity for sponbrane is a real structure, intimately involved in synaptic vesicle localization at the presynaptic membrane.
taneous self-assembly of presynaptic components on suitable substrates. It was first shown that presynaptic Our studies reveal a sensitivity of presynaptic structure to relatively small changes in pH, and demonstrate structures are generated de novo in cultures when neurites from these cells came in contact with polyanionic-coated can assemble in vitro to form structures which closely resemble presynaptic particles observed under ultralatex beads (Burry, 1980) . By EM, it was demonstrated that these presynaptic organelles contained appropriate structural examination of CNS tissue. The self-assembly of the presynaptic particle web, and possibly other prevesicle clusters, a presynaptic thickening, and a closely adherent presynaptic membrane engaging the bead sursynaptic structures, is reminiscent of the rapid, protein synthesis-independent assembly of junctional comface. Most recently, Scheiffele et al. (2000) showed that granule cells will respond to exogenously expressed plexes in epithelia. The notion that the presynaptic grid might participate neuroligin on a cell surface by forming a similar presynaptic structure which can secrete in response to an in the alignment and docking of synaptic vesicles at the presynaptic membrane prior to their fusion was preappropriate stimulus (Scheiffele et al., 2000) . Thus, it seems clear that those neurites destined to form presynsented on the basis of EM alone (Pfenninger et al., 1972). This idea was based on the fact that the spaces between aptic structures accumulate soluble constituents, and with the appropriate molecular trigger, can rapidly form presynaptic particles, possibly maintained via the action of the connecting fibrils, are very similar to the size of a functional presynaptic compartment. Our data now show that constituents of the presynaptic particle web synaptic vesicles. In freeze-etched preparations, it was shown that within the spaces between particles, there tion. In agreement with this analogy, the spacing between web elements at the presynaptic and erythrocyte are depressions in the presynaptic membrane which appear to be sites of vesicle attachment (Pfenninger membranes appears to be consistent (50-100 nm). The presynaptic web may also exhibit analogies to another et al., 1972). Upon synaptic stimulation, the distance between particles transiently increases, suggesting an spectrin-based structure-the terminal web of intestinal epithelial cells (Hull and Staehelin, 1979) . This structure insertion of material between the particles as a consequence of fusion of the synaptic vesicle with the plasma contains a dense spectrin network that overlays a complex of intermediate filaments. This arrangement helps membrane (Triller and Korn, 1985) . Thus the web appears to provide a framework to allow the docking and to keep actin bundles orthogonal to the membrane surface. Thus, the presynaptic web may participate in mainfusion of synaptic vesicles at the presynaptic membrane. However, it is not known how the protein compotaining presynaptic components in the proper orientation orthogonal to the synaptic plane. In several other nents of the presynaptic web identified in the present study actively participate in the synaptic vesicle cycle. respects, the presynaptic web identified here resembles the "active zone material" (AZM) found at the presynapOur studies suggest that one important role of the presynaptic web may be in the sequestration of vesicle tic plasma membrane of the neuromuscular junction. Using electron microscope tomography, Harlow, et al. recycling proteins such as clathrin and dynamin in circumscribed presynaptic microdomains. Given that (2001) have resolved the AZM into individual physical components-"ribs," "beams," and "pegs"-that form clathrin and dynamin exhibit the tendency to selfassemble endocytotic structures around naked lipid a complex presynaptic framework whose intracellular position and structure suggest that its components vesicles (Takei et al., 1998) , a sequestering mechanism may be needed to prevent the precocious self-assembly function in docking and vesicle fusion. It is postulated that components of the AZM are linked to transmemof these molecules.
The regular array of particles of defined size, interconbrane molecules embedded in the synaptic membrane similar to the observed linkage for the presynaptic web nected by short fibrillar components, observed at the presynaptic membrane is highly reminiscent of the specto PSDs in our study. trin-based web underlying the erythrocyte plasma membrane (Hainfeld and Steck, 1977). Indeed, the presence An Asymmetric Transcellular Synaptic Scaffold The central nervous system synapse, while optimized of spectrin as a prominent component in our reconstituted presynaptic web fraction suggests the spacing over the course of evolution for polarized cell-cell communication, nevertheless retains many of the properties between particles could be maintained by a flexible spectrin-based filament network and this structural of the adherens junction from which it appears to be derived (Colman, 1997; Shapiro and Colman, 1999 et al., 1996) . In terms of adhesive bassoon are found in the reconstituted presynaptic parforces, the adherens junction is symmetrical and is held ticle fraction (see Figure 7) suggests that these proteins together by homophilic cadherin-mediated interactions.
may interact with proteins found in the particles. It is On the other hand, while cadherin-based adhesive intriguing to speculate that the cytomatrix fibers, firmly interactions are undoubtedly important for the mainteanchored to the presynaptic membrane, provide nuclenance of the rigorously parallel synaptic cleft, their apation sites for the components of the presynaptic partiproximately equal partitioning and differential solubility cles (Figure 8 ). The presynaptic particle proteins would in both pre-and postsynaptic fractions suggests that then be available at high concentrations directly underthese molecules may have differential roles in organizing neath the presynaptic membrane. In conclusion, the reor aligning synaptic elements on both the pre-and postsults of this study shed light on the organization of the synaptic side (Tanaka et al., 2000) . On the postsynaptic synaptic junctional complex and expand the framework side, our study suggests that cadherin molecules are upon which to address the interrelationships of its profirmly anchored to the PSD via interactions of their cytotein components. plasmic domains either directly or indirectly with PSD ethanol containing a trace of water (2 drops of 95% ethanol per data-dependent mode where the machine measured the intensity of all peptide ions in the mass range of 400 to 1400 (mass to charge 10 ml) for 2 hr at 50ЊC. The tissue was then rinsed in ethanol and Epon-embedded. For isolated synaptic junctions, pellets were fixed ratio) and isolated the peptide peak with the highest intensity for collision-induced dissociation. Thus, the masses of both the peptide with 4% glutaraldehyde; phosphate buffer-pH 7.4. For standard EM, pellets were treated with 2% osmium tetroxide in acetate buffer, and its daughter ions were detected. The accurately measured masses of the tryptic peptide and its fragments were used to search stained en bloc with uranyl acetate, dehydrated through ethanols, and embedded in Epon. EPTA treatment of isolated junctions was for protein candidates in the protein sequence database with the program "PepFrag" (Fenyo et al., 1998) (http://prowl1.rockefeller. done as above for rat cortex. Ultra-thin sections were cut and, for osmicated specimens, stained with uranyl acetate-lead citrate and edu/prowl/pepfragch.html). viewed in an electron microscope at 8,300-50,000ϫ magnification.
Immunogold labeling was performed essentially as described MALDI-MS Analysis (Phend, et al., 1995) .
Gel bands were prepared for digestion by washing twice with 200 l 0.05 M Tris, pH 8.5/50% acetonitrile for 20 min with shaking. After Separation of Pre-and Postsynaptic Proteins removing the washes, the gel pieces were dried for 30 min in a Synaptosomes were extracted sequentially with 1% TX-100 at pH Speed-Vac concentrator. Gels were digested by adding 0.05 g 6.0 followed by pH 8.0. Synaptosomes (4 ml, prepared as described modified trypsin in 13-15 l of 0.025 M Tris, pH 8.5. The tubes were above) were diluted 1:10 with ice cold 0.1 mM CaCl 2 . The suspension placed in a heating block at 32ЊC and left overnight. Peptides were was brought to a final concentration of 20 mM Tris, pH 6.0 and 1% extracted twice with 50 l 50% acetonitrile/2% TFA and the com-TX-100. The membranes were extracted (30 min) and the insoluble bined extracts were dried and resuspended in matrix solution. Matrix material was pelleted (40,000 ϫ g, 30 min). The supernatant was solution was prepared by making a 10 mg/ml solution of 4-hydroxydecanted and proteins precipitated with 10 volumes acetone at ␣-cyanocinnamic acid (Sigma; St. Louis, MO) in 50% acetonitrile/ Ϫ20ЊC and recovered by centrifugation at 15,000 ϫ g for 30 min.
0.1% TFA and adding two internal standards, angiotensin and boThe pellet was resuspended in 10 ml 20 mM Tris, pH 6.0 and 1% TXvine insulin, to the matrix solution. The dried digest was dissolved 100; a small aliquot was taken for gel electrophoresis, reextracted, in 3 l matrix/standard solution and 0.7 l was spotted onto the precipitated, and pelleted as above. The insoluble pellet was resussample plate. When the spot was completely dried, it was washed pended (10 ml of 20 mM Tris, pH 8.0, 1% TX-100), extracted, centritwice with water to remove buffer salts. MALDI mass spectrometric fuged, and the supernatant reprecipitated as above. The insoluble analysis was performed on the digest using a PerSeptive Voyager pellets as well as the recovered supernatants from all three extractions DE-RP mass spectrometer in the linear mode. Peptide masses were were dissolved in 5% SDS and the protein concentrations were deterused to search the protein database with the program ProFound mined using the BCA protein assay (Pierce; Rockford, IL).
(http://129.85.10.192/profound_bin/WebProFound.exe).
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